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Edited by Hans EklundAbstract The cold-adapted Pseudomonas fragi lipase (PFL)
displays highest activity on short-chain triglyceride substrates
and is rapidly inactivated at moderate temperature. Sequence
and structure comparison with homologous lipases endowed with
diﬀerent substrate speciﬁcity and stability, pointed to three polar
residues in the lid region, that were replaced with the amino acids
conserved at equivalent positions in the reference lipases. Substi-
tutions at residues T137 and T138 modiﬁed the lipase chain-
length preference proﬁle, increasing the relative activity towards
C8 substrates. Moreover, mutations conferred to PFL higher
temperature stability. On the other hand, replacement of the ser-
ine at position 141 by glycine destabilized the protein.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Lipases catalyze the hydrolysis of triacylglycerols and sev-
eral other substrates containing ester bonds [1,2] with an
astonishing variety in their regio- and stereo-speciﬁcity as well
as in their selectivity towards the length and saturation degree
of the acyl chain. Rational and random mutagenesis studies
have been performed to the end of modifying their catalytic
performances [3]. In particular, chain length speciﬁcity has
been addressed in fungal and bacterial lipases, among others
the lipases from Candida rugosa [4,5], Geothricum candidum
[6], Rhizopus delemar [7] Humicola lanuginosa [8] and Burk-
holderia cepacia [9]. Rational mutagenesis can build on the
observation that, despite a marked divergence in primary se-
quence, all lipases conform to a common structural organiza-
tion, named the alpha/beta hydrolases fold [10]. Access to the
active site – a serine, histidine, carboxylic acid triad – may be
shielded by a mobile lid, whose position – closed or open –
determines the enzyme in an inactive or active conformation.Abbreviations: PFL, Pseudomonas fragi lipase; BCL, Burkholderia
cepacia lipase; BGL, Burkholderia glumae lipase; PAL, Pseudomonas
aeruginosa lipase; wt, wild-type; PCR, polymerase chain reaction;
dNTP, deoxynucleotide triphosphate
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doi:10.1016/j.febslet.2005.03.037The substrate-binding site is located inside a pocket on top
of the central b-sheet typical of this fold. Size and geometry
of the substrate-binding cleft have been related to substrate
speciﬁcity [11] and residues that contact the substrate have
been identiﬁed by crystallography and docking, making this
part of the structure a major target for mutagenesis. However,
it is recognized that other protein regions, such as the lid itself
[4,12,13] and the reaction conditions [14], may play a role in
lipases speciﬁcity.
We have recently described the catalytic properties of the li-
pase from Pseudomonas fragi (PFL, [15]), an enzyme endowed
with activity at low temperature and a marked selectivity to-
wards short-chain substrates, and built a model of its 3D struc-
ture by homology with the B. cepacia (BCL, [16]),
Pseudomonas aeruginosa (PAL, [17]) and Burkholderia glumae
(BGL, [18]) lipases, to which it shares high sequence identity.
Despite their close relatedness in sequence and structure, these
enzymes diﬀer in their proﬁles for chain length speciﬁty, with
PFL active on short-chain triglycerides [15], PAL and BGL
with a broad substrate speciﬁcity [19] and BCL with a high
preference for the hydrolysis of triglycerides with a chain
length P 8 [20]. Moreover, the three homologous lipases are
more thermostable. The enzyme–substrate interaction has
been studied in detail for PAL and BCL crystallized in com-
plex with the same triglyceride-like inhibitor [17,21] allowing
for the identiﬁcation and mutagenesis of residues relevant for
substrate recognition [9,17,22].
In this study, we focused on residues of the lid region to ex-
plore its role in substrate recognition. Interestingly, substitu-
tion with the corresponding amino acids of homologous
lipases aﬀected not only selectivity but also the temperature
stability of the thermolabile P. fragi enzyme.2. Materials and methods
2.1. PCR mutagenesis
Mutagenesis was performed on the gene encoding the lipase from P.
fragi strain IFO3458 cloned in plasmid pQE30 (Quiagen) fused at its
N-terminus with a His6 tag for puriﬁcation [15]. As the cloning host
Escherichia coli JM101 (Promega Co, WI, USA) was used. Heterolo-
gous expression was performed in the E. coli strain SG13009[pREP4]
(Qiagen). Site-directed mutagenesis was carried out using the kit
QuickChangee (Stratagene, CA, USA) and mutagenic oligonucleotide
primers. Primer sequences were as follows:
T137V forward: 5 0-GTGGCTGCCGCCCTGgtCACCTCGTTC-30;
T137V reverse: 5 0-GAACGAGGTGacCAGGGCGGCAGCCAC-3 0;
T138N forward: 5 0-TGACgAatTCGTTCAGCGCATTTTTATCCG-
3 0;
T138N reverse: 5 0-ACGAatTcGTCAGGGCGGCAGCCACCG-3 0;blished by Elsevier B.V. All rights reserved.
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S141G reverse: 5 0-GCGCcGAAactaGTGGTCAGGGCGGCAG-3 0.
Polymerase chain reaction (PCR) was performed in a ﬁnal volume of
20 ll containing 20 ng template DNA, 0.2 mM deoxynucleotide tri-
phosphates (dNTPs), 1 lM oligonucleotide primers and 0.5 U of Pfu-
Turboe polymerase (Stratagene, CA, USA). The ampliﬁcation
program was as follows: 3 min at 95 C, followed by 14 cycles of
30 s at 95 C, 60 s at 55 C and 8 min at 68 C. A ﬁnal digestion step
with DpnI removed template DNA. Other DNA manipulations were
according to [23] and manufacturers instructions for the enzymes
and materials employed.
2.2. Expression and puriﬁcation
E. coli SG13009 transformed with the expression plasmid was grown
overnight at 27 C in Luria–Bertani medium supplemented with
100 lg/ml ampicillin and 25 lg/ml kanamycin. 0.4 mM Isopropyl-1-
thio-b-D-galactopyranoside (IPTG) was added and cultivation was
continued for 4 h. Lipase was extracted and puriﬁed as described
[15]. The protein concentration was determined according to [24] with
bovine serum albumin used as the standard.
2.3. Activity assays
Lipase activity was determined in a pH-stat assay by titrating fatty
acids released from triacylglycerols with 0.01 M sodium hydroxide
using a 718 STAT TITRINO (Metrhom). Emulsions of 20 mM triacyl-
glycerols with 2% arabic gum were used as the substrate. Substrate
speciﬁcity was determined at 29 C, pH 8.0, on triacylglycerol sub-
strates with growing chain lengths, i.e., tributyrin (C4), tricaprylin
(C8), trilaurin (C12). The eﬀect of temperature on enzyme activity
was determined by preincubating protein samples at 29 C before
determining residual activity on tricaprylin as above.Fig. 1. Alignment of amino acid sequences of BCL (P22088), BGL (Q0548
positions targeted by mutagenesis are in bold. Stars mark the catalytic residu
For the sake of clarity residues participating in substrate binding are not re2.4. Structure inspection
The three-dimensional structures of BCL, PAL and BGL were ob-
tained from the Protein Data Bank (PDB codes: 2LIP, 1EX9 and
1CVL, respectively) whereas the structure of PFL, obtained by homol-
ogy modeling, was taken from [15]. Protein structures have been visu-
alized using the software package VMD [25].3. Results
3.1. Selection of amino acid residues for substitution
Fig. 1 shows a structure-based alignment of the PFL se-
quence with three highly homologous lipases of known 3D
structure. The four proteins share 35–43% identity in their pri-
mary sequence yet markedly diﬀer in chain length preference
and thermostability [19,20]. Features unique to PFL are lo-
cated in three functional regions: the lid loop (residues 128–
148), the calcium-binding site (concerning residues H266 and
R269) and the substrate-binding site [15]. Aiming to clarify
whether the lid may be considered as an important functional
determinant, as in other lipases [4,12,13], we speciﬁcally tar-
geted this part of the protein. Sequence inspection allowed to
identify residues T137, T138 and S141 that substitute amino
acids strictly conserved in BCL (V143, N144, G147), PAL
(V135, N136, G139) and BGL (V143, N144, G147) with polar
residues (Fig. 2). In fact, hydrophobicity of the substrate-
binding site together with its size and shape has been shown9), PAL (P26876) and PFL (AJ250176). The lid region is boxed and
es and residues involved in calcium binding are boxed and shadowed.
ported, as they are spread over the sequence (detail in [15]).
Fig. 2. 3D model of the PFL protein showing the lid in violet and the
position of residues mutated. PFL active site is marked by the side
chains of catalytic residues and the entrance of the substrate-binding
tunnel enclosing the inner face of the lid is evidenced through the
surface representation.
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Fig. 3. Thermal inactivation of lipase proteins at 29 C. n: wt; ¤:
T137V; m: T138N; d: S141G; n: T137V–T138N; s: T137V–S141G;
*: T137V–T138N–S141G. Residual activities were calculated from the
data of three experiments. The S.D. was <5%.
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in the surface-exposed lid might be involved in interactions
with the solvent and, as a consequence, in protein ﬂexibility.
3.2. Chain length preference proﬁle of mutated lipases
Selected residues were therefore substituted with the amino
acids conserved in the reference lipases. Single mutants on each
position and combinations thereof were expressed in E. coli
and puriﬁed by metal chelating chromatography as described
previously [15]. In a standard activity assay performed on tri-
butyrin at 29 C, speciﬁc activity was 180 U/mg for the wild-
type (wt) protein, 100 U/mg for the single mutants and 45
U/mg for the multiple mutants. Reduced activity is often ob-
served in mutant proteins. To take this observation in due ac-
count, the relative hydrolysis rate of the lipases towards
triglycerides of growing chain length was determined to reveal
the shift of substrate speciﬁcity. Determined selectivity proﬁles
are shown in Table 1, where activity on the C4 substrate is ta-
ken as 100%. The activity of wt PFL and of the mutants de-
creased with chain length. However, both substitutions on
the lid positions 137 and 138 were found to increase the rela-
tive activity toward C8, whereas introduction of a glycine res-
idue at position 141 aﬀected selectivity towards trilaurin with
respect to the wt protein. Multiple substitutions did not pro-
duce obvious additive eﬀects.Table 1
Relative hydrolysis rates of wt and mutant P. fragi lipases on tricaprylin (C
WT T137V T138N S141G
C8/C4 0.41 0.60 0.67 0.47
C12/C4 0.16 0.18 0.09 0.29
The relative hydrolysis rates were calculated from the data of three experim3.3. Eﬀect of mutations on PFL temperature stability
The bacterial lipases considered in this study diﬀer from each
other, besides in substrate speciﬁcity, also in their temperature-
dependent behavior. PFL, in fact, can be considered as a cold-
adapted enzyme, as it is stable over a long time at 10 C,
whereas it displays a half life of 5 h at 27 C and only of a
few minutes at 50 C. On the contrary, BCL is thermostable,
PAL and BGL are mesophilic enzymes. Therefore, it was of
interest to assess whether the above substitutions aﬀect temper-
ature stability. Based on previous data on the temperature
dependence of the enzyme [15], we decided to follow the
time-dependent loss of activity at 29 C, a temperature where
subtle changes in stability can be easily monitored. As shown
in Fig. 3, activity of the wt lipase on tricaprylin was reduced
by 50% after 4 h incubation, whereas, under the same condi-
tions, mutant T137V still retained 90% of its activity and mu-
tant T138N 70%. On the contrary, substitution S141G was
found to destabilize the protein. As for substrate selectivity,
even the eﬀect of mutations on the temperature stability of
PFL seems to be not additive.4. Discussion
We have approached the issue of acyl chain length selectivity
and protein stability starting from a comparison of bacterial
lipases tightly related in sequence but endowed with diﬀerent
properties. Replacement of T137, T138 and S141 in the PFL8) and trilaurin (C12)/tributyrin (C4)
T137V/T138N T137V/S141G T137V/T138N/S141G
0.60 0.66 0.68
0.11 0.19 0.10
ents. The S.D. was <8%.
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chains conserved in homologous lipases. Mutations T137V and
T138N aﬀected the preference for C8 triglycerides. One might
hypothesize that improved performances on medium-chain
substrates are mediated by direct interaction of the modiﬁed
lid with fatty acid chains. Unfortunately, structural data of
the enzyme in complex with substrate molecules are not avail-
able, making any hypothesis about the speciﬁc role of substitu-
tions rather speculative. Thus, basing on the homology model
in our hands, side chains of residues 137 and 138 should point
to diﬀerent directions. On the other hand, molecular dynamics
calculations (not shown) suggest a high ﬂexibility of the central
region of the lid, where residues 137 and 138 are embedded. In
this hypothesis, as time evolves the two side chains might as-
sume alternately the same orientations, which would explain
their overlapping eﬀect. Consistent observations on the impor-
tance of the hydrophobicity of the substrate-binding site have
been reported for mutants of R. delemar lipase, where intro-
duction of polar residues resulted in an improvement of activ-
ity toward tricaprylin in comparison to triolein [26]. However,
at the present stage of our knowledge, we cannot exclude that
mutations in the lid might aﬀect the enzyme conformation
rather than being directly related to a speciﬁc enzyme–sub-
strate interaction, as the existence of lipase conformers with
the lid in intermediate positions has been shown to aﬀect chain
length preference [27]. It is noteworthy that two site speciﬁc
substitutions with residues conserved in more stable enzymes
contributes higher stability to a very labile protein. On the
other hand, the destabilizing eﬀect of substitution S141G might
be related to the high ﬂexibility of the glycine residue. Satura-
tion mutagenesis experiments on this position may help in clar-
ifying whether increased instability is speciﬁcally related to the
presence of glycine.
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